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We demonstrate electrical detection of the 14N nuclear spin coherence of NV centers at room
temperature. Nuclear spins are candidates for quantum memories in quantum-information devices
and quantum sensors, and hence the electrical detection of nuclear spin coherence is essential to
develop and integrate such quantum devices. In the present study, we used a pulsed electrically
detected electron-nuclear double resonance technique to measure the Rabi oscillations and coherence
time (T2) of
14N nuclear spins in NV centers at room temperature. We observed T2 ≈ 0.9 ms at
room temperature. Our results will pave the way for the development of novel electron- and nuclear-
spin-based diamond quantum devices.
I. INTRODUCTION
Nuclear spins in a semiconductor have a long coherence
time (T2) due to the good isolation from environmental
noise [1–7]. Therefore, they are candidates for quantum
memories in quantum-information devices and quantum
sensors. Using nuclear spins (e.g., nitrogen and carbon)
in diamond for quantum memories, highly sensitive mag-
netic sensors [8–10], quantum repeaters [11], quantum
registers [12, 13], etc., have been demonstrated at room
temperature. In these demonstrations, the detection of
nuclear spin coherence is essential. Nuclear spin coher-
ence can be detected via the electron spins of nitrogen-
vacancy (NV) centers, which also have a long T2 at room
temperature [14, 15]. NV electron spins can be detected
by optical techniques [16] and electrical techniques [17–
19]. The electrical technique is an important technology
for developing and integrating quantum devices. Further-
more, a theoretical model predicts that its detection sen-
sitivity is approximately three times higher than that of
the optical technique [18]. While the electrical detection
of the electron spin coherence of an ensemble of NV cen-
ters at room temperature has been demonstrated [18, 19],
the direct electrical detection of nuclear spin coherence
remains challenging. This is because nuclear spins are
well isolated from the environment and the interactions
between nuclear spins and current is very weak. Thus, we
focus on an electrically detected electron-nuclear double
resonance (EDENDOR) technique to demonstrate room-
temperature electrical detection of nuclear spin coher-
ence.
The first EDENDOR measurement was demonstrated
by Stich and collaborators for phosphorus (P) donors
in silicon at 4.2 K [20]. After this demonstration, two
other groups independently demonstrated pulse EDEN-
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DOR measurements of P-donors in silicon [21–24]. They
measured Rabi oscillations and T2 of P-donor nuclear
spins from 3.5 to 5 K. Furthermore, pulsed EDENDOR
measurements of proton nuclear spins in organic semi-
conductors have been demonstrated [25]. Proton nuclear
spin resonances have been measured at room tempera-
ture, but Rabi and T2 measurements of proton nuclear
spins have not been reported yet. To the best of our
knowledge, there have been no demonstrations of room-
temperature electrical detection of nuclear spin coherence
in diamond or any other materials.
The EDENDOR signals of 14N nuclear-spin coherence
are observed by measuring the change in the electrically
detected electron-spin echo (ESE) intensity of the NV
centers. Here, the technique of electrical detection of
magnetic resonance signals is called electrically detected
magnetic resonance (EDMR). The EDMR of the NV cen-
ters measures the photocurrent change due to electron-
spin resonances of the NV centers [17–19]. The photocur-
rent can be generated under illumination by a 532-nm
laser via a two-photon ionization process, depicted in
Fig. 1(a). The figure shows that the |±1〉 NV electron
spin at the 3E state has a transition probability to the
long-lived (∼ 220 ns) metastable 1E states, where |ms〉
describes an NV electron spin. This causes the photocur-
rent to decrease due to a magnetic resonance transition
from |0〉 to |±1〉 after the optical initialization to |0〉 [17].
Based on this mechanism, this study measures the elec-
tron and nuclear spin coherences with the pulse sequence
depicted in Fig. 1(b). The details of the pulse sequence
are as follows. 1) A 532-nm laser is used to initialize
the NV electron spins to |0〉. 2) The electron and/or nu-
clear spins are manipulated by microwave (MW) and/or
radio-frequency (RF), respectively. 3) The final laser is
used to generate the photocurrent via two-photon ioniza-
tion, which contains the EDMR and EDENDOR signals.
They are observed as a transient response, which is de-
picted in Fig. 1(b). Hence, this study defines the EDMR
and EDENDOR intensities (∆Q) as the change in the
2FIG. 1. (color online) (a) Schematic of the EDENDOR
measurements of NV centers in diamond. (b) Process for the
EDENDOR measurements. (c) Schematic of the self-built
EDENDOR spectrometer.
photocurrent integrated by the time during which the
photocurrent is changing [26].
II. METHOD
A. Sample Preparation
In this study, we used an ensemble of NV centers in
a P-doped n-type diamond layer. This sample has two
characteristics: 1) a negative charge state of the NV cen-
ter (NV−) in the P-doped n-type diamond that is sta-
ble even under 532-nm laser illumination [27] and 2) the
highly P-doped n-type diamond has high electrical con-
ductivity [28]. The ensemble of NV centers in the n-type
diamond was prepared via the following processes. A
P-doped n-type diamond layer (10-µm thick) was syn-
thesized on a type IIa (001) diamond substrate by chem-
ical vapor deposition (CVD) [28]. The n-type diamond
layer has a P-donor concentration of ∼ 1018 cm−3. The
ensemble of NV centers was made by 14N+-ion implanta-
tion (dose: 1 × 1015 cm−2) with a kinetic energy of 350
keV, followed by annealing at 1000 ◦C for 1 hour under
vacuum. We estimated the concentration of NV centers
in the detection volume of the self-built EDENDOR spec-
trometer. The detection volume of the confocal micro-
scope used as a laser illumination unit in the EDENDOR
spectrometer can be estimated as 2 × 10−12 cm3 [29].
When the fluorescence from the NV center is proportional
to the concentration of NV centers, we can estimate the
concentration of NV centers of 1 × 1015 cm−3 (2 × 103
NV centers in the spot size of the focused laser beam).
After generating the ensemble of NV centers, interdig-
ital contacts with ∼ 2-µm gaps were fabricated on the
n-type diamond layer to detect photocurrent changes, by
the following three steps: 1) electron-beam lithography,
2) deposition of Ti(30 nm)/Pt(30 nm)/Au(100 nm) mul-
tilayers, and 3) annealing at 420 ◦C for 30 min under an
argon atmosphere. Details of the electrical characteris-
tics of the electrical contacts are given in Supplemental
Material.
B. Self-built EDENDOR Spectrometer
Figure 1(c) shows a self-built EDENDOR spectrome-
ter [29]. This spectrometer consists of 1) a laser illumina-
tion unit of a confocal microscope with a 532-nm laser to
generate a photocurrent from an ensemble of NV centers,
2) a microwave (MW) and radio-frequency (RF) irradia-
tion unit to manipulate the NV electron and 14N nuclear
spins, and 3) a photocurrent detection unit. Using the
laser illumination unit, the laser illuminates the ensemble
of NV centers, focused by an objective lens with an NA of
0.8. Then, a photocurrent is generated from the NV cen-
ters. The NV centers also emit photons under the laser
illumination, which are detected by an avalanche photo-
diode (APD) after passing through a pinhole and a filter
(633-nm long pass filter). In this study, the APD is used
to fix the position of the illumination spot in a place be-
tween the electrical contacts by monitoring the photons
from the NV centers. MW and RF are combined with a
frequency diplexer and irradiated to the NV centers with
a ∼ 50-µm copper wire. The irradiated MW and RF
frequencies and powers are measured by a spectrum ana-
lyzer during the EDMR and EDENDOR measurements.
The change of photocurrent is measured under the ap-
plication of a constant voltage of 8 V. The change of
photocurrent is converted into a change of voltage by a
current amplifier. Then, it can be measured by a digitizer
on a personal computer after amplification by a voltage
amplifier. A phase cycling technique is applied to sub-
tract the artifact noises due to on- and off-resonant MW
and RF contributions and laser-power fluctuations from
the EDMR and EDENDOR signals [25, 29–31]. Note
that the phases of the MW pulses are indicated by ±x
on the MW pulses shown in Figs. 4, 5, and 6.
III. EDMR OF ENSEMBLE OF NV CENTERS
A. Pulsed EDMR Spectrum of Ensemble of NV
Centers
Initially, we performed a pulsed EDMR (pEDMR)
measurement with the pulse sequence depicted in the
top of Fig. 2. We used 30 mW of laser power and an
input MW power of 10 mW at a static magnetic field of
∼ 10 G approximately along the [111] direction of the
diamond crystal. Figure 2(a) shows the photocurrent
change as a function of MW frequency, showing that
four signals appeared. To analyze the observed spec-
trum, we measured the pulsed ODMR (pODMR) spec-
trum shown in Fig. 2(b) with the same conditions as the
3FIG. 2. (color online) (Top) Pulse sequence. (a) pEDMR
spectrum. (b) pODMR spectrum.
pEDMR measurements. The pEDMR spectrum has dif-
ferent linewidths than the pODMR spectrum. This may
be due to the input laser power. While the pEDMR mea-
surements require the illumination of the 30-mW laser to
generate the photocurrent, the illumination of the 30-
mW laser is strong enough to make broad linewidths in
the pODMR signals. However, both spectra have the
same resonant frequencies, and hence the NV electron
spin resonance signals are observed via the electrical tech-
nique.
B. Rabi Oscillations of NV Electron Spins
The top of Fig. 3 shows the pulse sequence for the
electron-spin Rabi oscillations. After the initialization of
the NV electron spins by the first laser pulse, we mea-
sured ∆Q under the application of the last laser as a
function of the length of the resonant MW pulse (tMW).
Here, we set the MW frequency to 2916 MHz, corre-
sponding to the transition between |0〉 and |+1〉, and its
input power to 5 W. The result is shown at the bottom
of Fig. 3(a). The solid line in Fig. 3(a) shows the curve
fitting result with a sinusoidal curve. We observed an
oscillation frequency of ∼ 4.4 MHz. Next, we measured
the oscillation frequencies with three different input MW
powers, as depicted in Fig. 3(b). The figure plots the
oscillation frequencies as a function of the square root of
the input MW power. The observed data can be fitted by
a linear function fixing the intercept at zero, and hence
we observed Rabi oscillations of NV electron spins and
the Rabi frequencies could be controlled by changing the
input MW power.
FIG. 3. (color online) (Top) Pulse sequence. (a) Electrically
detected electron-spin Rabi oscillation. (b) Rabi frequencies
as a function of the square root of MW power.
IV. EDENDOR OF 14N NUCLEAR SPINS
A. Davies ENDOR Spectrum
To measure the nuclear magnetic resonance of 14N nu-
clear spins, we used the Davies ENDOR technique. This
enables the detection of a nuclear magnetic resonance
(NMR) signal via a change in the ESE intensity based
on the polarization transfer between the electron and
nuclear transitions using the pulse sequence depicted in
the top of Fig. 4 [22, 29, 30]. First, an MW pi-pulse is
applied to the transition between |0〉 to |+1〉 after illu-
mination by a pulsed laser. This pi-pulse can generate
hyperfine coupling between NV electron spins and 14N
nuclear spins and the polarization between |+1, 0〉 and
|+1,+1〉, where |ms,mI〉 are electron and nuclear spins,
respectively [29, 32–34]. Then, the RF pulse is applied.
Finally, ∆Q was measured by applying a Hahn echo se-
quence and the following laser pulse. We observed Davies
ENDOR spectra by measuring ∆Q as a function of the
irradiated RF frequency.
Setting the MW frequency to 2916 MHz, the input
MW power to 5 W, and the input RF power to 5 W, we
observed the spectrum shown in Fig. 4. The observed
data can be fitted with the Gaussian function shown by
the solid red line in Fig. 4. The curve fitting result shows
that we observed a resonance frequency of 3.5 MHz. Us-
ing Eq. (S1) in the Supplemental Material, we can esti-
mate that the observed resonance frequency corresponds
to the transition between |+1, 0〉 and |+1,+1〉. In the
following measurements of the Rabi oscillations and the
coherence time of the 14N nuclear spins, we will use the
resonance frequency of 3.5 MHz.
4FIG. 4. (color online) Pulse sequence (top) and result (bot-
tom) of an electrically detected Davies ENDOR spectrum.
B. Rabi Oscillations of 14N Nuclear Spins
The top of Fig. 5 shows the pulse sequence for the mea-
surements of the 14N nuclear-spin Rabi oscillations. The
sequence shows that we measured ∆Q as a function of
the length of the RF pulse. Here, we set the MW fre-
quency to 2916 MHz, the input MW power to 5 W, and
the RF frequency to 3.5 MHz. The results of the elec-
trically detected nuclear-spin Rabi measurements with
four different input RF powers are shown in the bottom
of Fig. 5. The red, black, blue, and green points cor-
respond to the results with input RF powers of ∼ 2.5,
5, 10, and 20 W, respectively. The observed oscillations
are fitted by sinusoidal curves, which are shown as solid
lines in the bottom of Fig. 5. The oscillation frequencies
observed by the curve fittings are plotted as a function
of the square root of the input RF power in the inset
of Fig. 5. The plots are fitted well by a linear function
with the intercept at zero, as shown by the solid line,
which certifies that the observed oscillations correspond
to Rabi oscillations between |+1, 0〉 and |+1,+1〉. Hence,
the Rabi oscillations of the 14N nuclear spins can be ob-
served with EDENDOR at room temperature.
C. Echo Decay of 14N Nuclear Spins
The top of Fig. 6(a) shows the pulse sequence for a
14N nuclear spin (T
(n)
2 ) measurement. It can also be
modified based on the Davies EDENDOR sequence to
measure T
(n)
2 [23, 24, 31]. A nuclear-spin Hahn echo se-
quence was added between the first MW pi- and second
MW pi/2-pulse, allowing the nuclear spin echo intensity
to be measured via the change in the ESE intensity. We
set the input RF power to 10 W and the other experimen-
tal conditions were the same as those for electrically de-
FIG. 5. (color online) Pulse sequence (top) and result (bot-
tom) of an electrically detected nuclear Rabi oscillation. (In-
set) Rabi frequencies as a function of the square root of RF
power.
tected nuclear spin Rabi oscillations. Then, we measured
∆Q as a change of the ESE intensity as a function of the
freely evolving time of 2τ . The bottom of Fig. 6(a) shows
the result of the T
(n)
2 measurement. The experimentally
observed plots are fitted with an exponential curve de-
scribed by the solid line in Fig. 6(a) fixing the echo ampli-
tude at half the Rabi amplitude. Consequently, T
(n)
2 ≈
0.9 (5) ms. Hence, we successfully observed T
(n)
2 with
the EDENDOR technique at room temperature.
V. DISCUSSION
We here discuss the results of the T
(n)
2 measurement
with the modified Davies ENDOR sequence. After the
application of the first MW pi-pulse in the sequence of the
T
(n)
2 measurement depicted in Fig. 6(a), the NV electron
spins relax back to their thermal equilibrium with a time
constant defined as the longitudinal relaxation time T
(e)
1 .
Thus, the observed T
(n)
2 may be limited by T
(e)
1 in our
experiments. We measured T
(e)
1 with the EDMR tech-
nique. The pulse sequence for a T
(e)
1 measurement is
shown in the top of Fig. 6(b). It is the same as the
sequence for T
(n)
2 measurements, without the train of
RF pulses. Using the same experimental conditions as
those for the T
(n)
2 measurement, except for the irradia-
tion by the RF pulses, we measured ∆Q as the change
in the ESE intensity as a function of T , which is the
interval between the first MW pi- and second MW pi/2-
pulses. In the bottom of Fig. 6(b), the experimentally
5FIG. 6. (color online) (a) Pulse sequence (top) and result
(bottom) of an electrically detected T
(n)
2 measurement of the
14N nuclear spins in NV centers. (b) Pulse sequence (top)
and result and electrically detected T
(e)
1 measurement of the
NV electron spins (bottom).
observed data points were fitted with the exponential
curve described by the solid line. This gave T
(e)
1 ≈ 1.8(6)
ms, which is slightly shorter than the reported T
(e)
1 [12],
which may be due to the additional decay rate into |0〉
due to laser leakage through an acousto-optic modulator
(AOM) and/or noises in the magnetic and electric fields
from P-donors [35, 36] and/or from a dark electrical cur-
rent in the absence of the laser illumination. Myers et
al. [35] showed that the electrical field from the diamond
surface noise influences the T
(e)
1 of the NV electron spins.
Since the electron carriers released from the P-donors
and the positive charge of the P-donors after the release
generates the electric field, the T
(e)
1 of the NV electron
spins may become short in the highly P-doped diamond
layer. Moreover, the T
(e)
1 measurement was performed
in the presence of a dark current [29]. The dark current
produces magnetic fluctuations [36], which may shorten
T
(e)
1 .
Finally, we compare the observed T
(e)
1 with T
(n)
2 .
When the T
(n)
2 decay is affected only by T
(e)
1 , the theory
expects T
(n)
2 =
3
2T
(e)
1 [10]. However, the observed T
(n)
2 is
slightly shorter than T
(e)
1 . When we consider the influ-
ence of laser leakage through the AOM accompanied by
additional decay rate into |0〉, T
(n)
2 might become shorter
than 32T
(e)
1 , as discussed in Ref. [10]. Thus, precise con-
trol of the concentration of P-donors and the upgrade of
the EDENDOR spectrometer are important in order to
observe long T
(e)
1 and T
(n)
2 by the EDENDOR technique.
VI. SUMMARY
We have demonstrated electrical detection of the Rabi
oscillations and T
(n)
2 of the
14N nuclear spin coherence
of an ensemble of NV centers in diamond at room tem-
perature. Using a self-built EDENDOR spectrometer,
we observed a signal at ∼ 3.5 MHz, which is the EN-
DOR frequency of the 14N nuclear spins. This frequency
was used to demonstrate electrically detected nuclear-
spin Rabi oscillations and T
(n)
2 measurements of the
14N
nuclear spins at room temperature. We observed T
(n)
2 ≈
0.9 ms. This study should contribute to the develop-
ment of future electron- and nuclear-spin based diamond
quantum devices.
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7SUPPLEMENTAL MATERIAL
NV Center Coupled to a 14N Nuclear Spin
The Hamiltonian for an NV electron spin coupled with
a 14N nuclear spin under a static magnetic field (B0) [S1]
is:
H = Dgs
[
S2z −
1
3
S(S + 1)
]
+ geµBB0Sz
+gnµnB0Iz +A‖SzIz +A⊥ (SxIx + SyIy)
+P
[
I2z −
1
3
I(I + 1)
]
. (1)
The first and second terms are described as the zero-field
splitting and Zeeman interaction of NV electron spins,
respectively, where Dgs ∼ 2.87 GHz, Sz, ge ∼ 2.003, and
µB are the zero-field splitting parameter, z component
of the NV electron spin (S), g-factor of the NV elec-
tron spin, and Bohr magnetron, respectively. The third
term is described as the Zeeman interaction of 14N nu-
clear spin, where gn ∼ 0.404 and µn are the g-factor
of the 14N nuclear spin and nuclear magneton, respec-
tively [S2]. The fourth and fifth terms are described
as the axial (A‖ ∼ −2.1 MHz ) and non-axial hyper-
fine interactions (A⊥ ∼ −2.7 MHz) with the
14N nu-
clear spin, respectively [S3]. The sixth term is described
as the quadrupole interaction of the 14N nuclear spin (
P ∼ −5.0 MHz) [S3]. Ix, Iy, and Iz are x, y, and z
components of the 14N nuclear spin (I), respectively.
Self-built EDENDOR Spectrometer
The self-built EDENDOR spectrometer consists of
the following three units: 1) laser illumination unit, 2)
microwave (MW)- and radio-frequency (RF)-irradiation
unit, and 3) photocurrent detection unit, depicted in Fig.
1(c) of the main text. A confocal laser microscope with
a 532-nm laser acts as the laser illumination unit. The
532-nm laser was pulsed by an acousto-optic modulator
(AOM). After the pulsed laser is reflected by a dichroic
mirror, it illuminates the ensemble of NV centers focused
by an objective lens with an NA of 0.8. For an objective
lens with an NA of 0.8 and a laser with a wavelength
of 532 nm, we can estimate the detection volume of our
confocal laser microscope as 2 × 10−12 cm3 [S4]. Us-
ing the laser illumination unit, the photocurrent from
the NV centers is generated under the laser illumination.
Moreover, photons emitted from the NV centers were de-
tected by an avalanche photodiode (APD) after passing
through a pinhole with a diameter of ∼ 30 µm and two
filters (an 835-nm short-pass filter and a 633-nm long-
pass filter). In this study, the APD was used to fix the
position of the illumination spot in the place depicted
in the white circle in Fig. S1(b). In the MW- and RF-
irradiation unit, MW and RF generated by two high-
frequency oscillators are pulsed by frequency switches.
FIG. S1. (color online) (a) Photograph of electrical contacts
with MW antenna. (b) PL laser-scan image of electrical con-
tacts. (c) IV characteristics of electrical contacts. The hollow
and filled points show the IV characteristics with and without
laser illumination, respectively.
After amplification of the pulsed MW and RF with MW
and RF amplifiers, they are combined with a frequency
diplexer. They are then irradiated to the NV centers by a
copper wire with a diameter of ∼ 50 µm. We used a spec-
trum analyzer to measure the irradiated MW and RF fre-
quencies and powers during the EDMR and EDENDOR
measurements. We measured the change of photocur-
rent under the application of a constant voltage (SRS
SIM928) with the photocurrent detection unit. In the
photocurrent detection unit, the change of photocurrents
is converted to a change of voltage by a current ampli-
fier (FEMTO DHPCA-100). Then, the change of voltage
can be measured by a digitizer (Gage Razor CSE1621)
on a personal computer after amplification with a voltage
amplifier (FEMTO DHPVA-201).
Evaluation of Electrical Contacts
Figures S1(a) and S1(b) show a photograph and PL
laser-scan image with a laser power of 15 µW of the elec-
trical contacts for the EDMR and EDENDOR measure-
ments. We set the laser power to 30 mW and fixed the
laser spot to the position depicted in the white circle in
Fig. S1(b), and measured the current-voltage character-
istics of the electrical contacts with and without laser
illumination. The hollow and filled points in Fig. S1(c)
show the current-voltage characteristics with and with-
out laser illumination, respectively. It shows that the
dark current, which is the current in the absence of laser
illumination, flows in the diamond and a photocurrent is
generated under laser illumination.
Phase Cycling
A phase cycling technique is used to subtract the on-
and off-resonant MW and RF contributions and fluctu-
ations of laser power to the magnetic resonance signals.
The phases of the MW pulses are indicated by ±x on the
MW pulses in the pulse sequences depicted in Figs. 2, 3,
4, 5, and 6 of the main text. To explain this phase cycling
8FIG. S2. (color online) Electron-spin Hahn echo measure-
ments with four different phase cycling configurations.
FIG. S3. (color online) Davies ENDOR pulse sequence (Top)
and polarization transfers with the above pulse sequence in
the quantum system of an electron spin (S = 1/2) and nuclear
spin (I = 1/2) (Bottom).
technique, we discuss the polarities of Hahn-echo signals
with the four different phase cycling configurations de-
picted in Fig. S2. We observe positive echo signals in
cases (i) and (iii) of Fig. S2 and negative echo signals in
case (ii) and (iv) of Fig. S2 [S5, S6, S7]. On the other
hand, the polarities of the MW and RF currents due to
the irradiation of on- and off-resonant MW and RF fields
and photocurrent noise induced by the laser power fluctu-
ation do not change with the above phase cycling config-
urations. Thus, we observe just the magnetic resonance
signals by adding the echo signals with the sequences (i)
and (iii) to the sum of the magnetic resonance signals
and subtracting the echo signals with the sequences (ii)
and (iv) from one [S5, S6, S7].
Davies ENDOR
We consider the quantum system of an electron spin
(S = 1/2) coupled with a nuclear spin (I = 1/2). The
top of Fig. S3 shows the pulse sequence of the Davies
ENDOR [S5], and the bottom of Fig. S3 shows the en-
ergy levels of the system, where |±,±〉 represent the elec-
tron and nuclear spins, respectively. After the system
is initialized to |−−〉, depicted by the filled rectangles,
the MW-pi pulse inverts the polarization of the transi-
tion between |−−〉 and |+−〉 (bottom left of Fig. S3).
Next, the resonant RF-pi pulse is applied to the transi-
tion between |+−〉 and |++〉. Then, its polarization is
inverted (bottom center of Fig. S3). Finally, we mea-
sured the echo of the transition between |−−〉 to |+−〉
(bottom right of Fig. S3). In this situation, we do not ob-
serve any echo signals. Such a change of the echo signal
means that a nuclear-magnetic-resonance transition be-
tween |+−〉 and |++〉 occurs. Therefore, we can observe
the nuclear magnetic resonance signals with the Davies
ENDOR sequence.
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